1. Introduction {#sec1}
===============

Great effort has been made worldwide on investigations of appropriate electrocatalysts for energy storage stategies such as batteries,^[@ref1]−[@ref3]^ supercapacitors,^[@ref4]^ electrolysis of water,^[@ref5],[@ref6]^ and/or recycling of carbon dioxide (CO~2~).^[@ref5],[@ref7]−[@ref9]^ Due to their high efficiency, noble and rare metals, like platinum, palladium, and rhenium, serve as state-of-the-art electrocatalysts for various energy storage reactions, for example, reduction of protons,^[@ref10],[@ref11]^ CO~2~,^[@ref12]^ and oxygen (O~2~).^[@ref13]−[@ref15]^ However, as these metals are costly, one approach is to substitute these metals with inexpensive and more abundant metals like nickel,^[@ref16]^ iron,^[@ref17]^ and manganese^[@ref18]^ or to use fully metal-free systems.^[@ref19]^ Especially regarding the oxygen reduction reaction (ORR), numerous reports on organic catalysts^[@ref20]^ and even small molecules^[@ref21]^ can be found in the literature.^[@ref13]^ Among those, anthraquinone (AQ) and its derivatives have been explored as molecular electrocatalysts for the ORR, since AQ is low-cost,^[@ref22]^ has suitable chemical functionality,^[@ref23]^ and high selectivity for H~2~O~2~.^[@ref24],[@ref25]^ Since physical deposition of AQ derivatives on electrodes suffered from low stability and slow reaction kinetics,^[@ref24]^ for long-term applications, immobilization and stabilization of the molecules at the electrode is of crucial importance.

To overcome this issue, various attempts were introduced, like covalently linking to glassy carbon (GC) electrodes,^[@ref26]^ using insoluble polymers,^[@ref27]^ or covalently linking to carbon nanotubes (CNTs).^[@ref28]^ Regarding a broader scope in organic electronics, organic molecules like AQ were also investigated in battery research^[@ref2],[@ref29],[@ref30]^ as well as in noncovalent enzyme-linking immobilization.^[@ref31]^

CNTs are favorable immobilization platforms due to their attractive properties of being mechanically robust and having high electrical conductivity and tunability upon synthesis.^[@ref13],[@ref32]^ There are examples of antioxidant-linked CNTs in polymer additives,^[@ref33]^ and as they are supposed to be biocompatible,^[@ref31]^ CNTs are also employed in medical applications.^[@ref34]^ Park et al.^[@ref30]^ investigated nanohybrids of organic molecules adsorbed onto single-walled carbon nanotubes (SWCNTs) for battery application and reported significant improvement of electrical and electrochemical properties. Gong et al.^[@ref35]^ investigated similar adsorbed AQ on multiwalled CNTs (MWCNTs) for the electrochemical ORR in neutral solution. However, the direct covalent modification of CNTs is avoided. In general, SWCNTs have more uniform shapes and properties,^[@ref36]^ but their electrical conductivities are lower upon covalent modification compared to MWCNTs.^[@ref37]^ Combining both, high conductivity by noncovalent binding to the SWCNTs and still achieving close catalytic sites, Pérez et al. developed an advanced noncovalent rotaxane system wrapped around SWCNTs.^[@ref38]−[@ref40]^ Recent studies from the Pérez group^[@ref41]^ inspired us to test those molecules for electrocatalytic application. In general, noncovalent architectures toward supramolecular molecular machines are of high interest in the scientific community due to the Nobel Prizes in 1987 for Cram, Lehn, and Pederson,^[@ref42]^ as well as recently in 2016 for Sauvage, Stoddart, and Feringa.^[@ref43]−[@ref45]^

The main objective of this work has two aspects: the first task was to investigate the electrochemical behaviors of a mechanically interlocked anthraquinone on SWCNTs (AQ-MINT) and compared it with an adsorbed anthraquinone (AQ) analogue (simple supramolecular form, AQ\@SWCNTs) as well as with pure homogeneous AQ analogue cases. To do so, the properties of AQ as redox-active species on CNTs in aqueous solution and in organic solvents were compared with the properties of adsorbed and pure AQ cases, similar to reports on metal complexes.^[@ref46],[@ref47]^ The second task was to demonstrate the application of this immobilized AQ platform as an electrocatalyst for the ORR to H~2~O~2~.

2. Experimental Section {#sec2}
=======================

2.1. Characterization Methods {#sec2.1}
-----------------------------

Thermogravimetric analyses (TGA) were performed using a TA Instruments TGA Q500 with a ramp of 10 °C min^--1^ under air from 100 to 900 °C. Raman spectra were acquired with a Bruker Senterra confocal Raman microscope instrument equipped with a 532 nm excitation laser. UV--vis--NIR spectra were obtained using an Agilent Technologies equipment---Cary Series UV--vis--NIR spectrophotometer. Photoluminescence excitation (PLE) intensity maps were obtained with a NanoLog 4 HORIBA instrument.

2.2. Synthesis of AQ-MINT {#sec2.2}
-------------------------

All chemicals were purchased and used as received, unless reported otherwise. The synthesis and characterization of macrocycle-AQ (mac-AQ)^[@ref48]^ and AQ-MINT^[@ref41]^ were done following previously reported procedures^[@ref49],[@ref50]^ (see Supporting Information [Figures S1--S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06516/suppl_file/am0c06516_si_001.pdf) for further details). The structures of mac-AQ and AQ-MINT are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the optimized geometry structure (b) as well as a characteristic aberration-corrected high-resolution transmission electron microscopy (HR-TEM) image (c).

![(a) Chemical structure of AQ-MINT, (b) minimum-energy geometry of AQ-MINT determined by DFT, and (c) the HR-TEM image of AQ-MINT (scale bar = 0.5 nm). (b and c) are adapted from Blanco et al.^[@ref41]^](am0c06516_0001){#fig1}

After the MINT-forming reaction, the SWCNTs showed a loading of the macrocycle of 13% and 15% under a nitrogen atmosphere for AQ-MINT and AQ\@SWCNTs, respectively, by TGA analysis ([Figure S5, S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06516/suppl_file/am0c06516_si_001.pdf)). We also synthesized AQ-MINT and AQ\@SWCNT samples with a low loading of the macrocycle to see the effect of anthraquinone content ([Figures S5, S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06516/suppl_file/am0c06516_si_001.pdf)). In the case of the low-loading synthesis of AQ-MINT and AQ\@SWCNTs, the weight losses corresponding to the AQ macrocycle were 4.3 and 5.8%, respectively (under a nitrogen atmosphere).

2.3. Electrode Preparation {#sec2.3}
--------------------------

A 3 mm diameter GC disc-type electrode (BASI) was used in all experiments as the working electrode (WE), and prior to use, it was polished for 30 s each with Buehler Micropolish II deagglomerated alumina with decreasing particle size from 1.0 to 0.3 and 0.05 μm. In between, the surface was rinsed with 18 MΩ water (MQ water) and isopropanol (VWR Chemicals) to remove excess alumina. To deposit nanotube samples onto the WE, SWCNT suspensions in isopropanol with a loading of 5.0 mg mL^--1^ were prepared and sonicated for 2 h prior to use. Then, 20 μL aliquots were drop-cast onto the glassy carbon WE and dried for 30 min under ambient conditions.

Platinum plates (Pt) were used as the counter electrode together with either commercially available Ag/AgCl (3 M KCl) (from BASI) reference electrodes (REs) in aqueous solutions or Ag/AgCl quasi-reference electrodes (QREs) in organic solutions for electrochemical investigations. In the case of the QRE, the calibration against the standard hydrogen electrode (SHE) was done by addition of ferrocene (Sigma Aldrich, \>98%) and the determination of the position of this redox potential.

2.4. Electrochemical Experiments {#sec2.4}
--------------------------------

All electrochemical measurements were performed on a Jaissle Potentiostat--Galvanostat PGU10V-100 mA. A three-electrode one-compartment (for organic solution) or two-compartment (for aqueous solution) electrochemical cell was used. The mentioned GC was employed as the WE. Platinum (Pt) plates were used as the counter electrode. In aqueous solution, a Ag/AgCl (3 M KCl) RE was used in the system, while in organic solutions, a Ag/AgCl QRE was used. The QRE was prepared by anodization in 1 M of HCl solution and the calibration against the SHE was performed by testing with ferrocene. Throughout this whole work, all potentials mentioned are referenced to the SHE.

For cyclic voltammetry (CV) experiments in organic solvents, 15 mL of acetonitrile (MeCN) (Roth, \>99.9%) containing 0.1 M TBAPF~6~ (Sigma Aldrich, \>99.0%) was used as the electrolyte solution. In aqueous solution, CV experiments were done in 20 mL of 0.1 M Na~2~SO~4~ (Sigma Aldrich, \>99.0%) or 0.1 M NaOH (Alfa Aesar) as the electrolyte solution. Before measurements under N~2~-saturated conditions, the cell was purged with N~2~ for 30 and 60 min for MeCN and aqueous solutions, respectively. In the case of O~2~ saturation, the solutions were purged with O~2~ (Linde Gas GmbH 5.0) for 30 min.

To prove the catalytic activities of AQ-MINT, AQ\@SWCNTs, and SWCNTs toward the reduction of O~2~ to H~2~O~2~, a constant potential at −0.33 V (chronoamperometry) was applied for 8 h under two conditions: neutral (0.1 M Na~2~SO~4~) and basic (0.1 M NaOH) aqueous solutions. Before applying the potential as well as during chronoamperometry, sample aliquots of 150 μL of the electrolyte solution were taken for H~2~O~2~ quantification. The H~2~O~2~ quantification was done following a previous report from Apaydin et al.^[@ref51]^ using a colorimetric detection method (see Supporting Information [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06516/suppl_file/am0c06516_si_001.pdf) for further details).

For the rotating disc electrode (RDE) measurements, an IPS Rotator 2016 rotating unit with IPS PI-ControllerTouch and an IPS Jaissle PGU BI-1000 Bipotentiostat/Galvanostat were used. An 8 mm diameter GC disc in poly(chlorotrifluoroethylene) (PCTFE) was used as the WE and polished as mentioned above. A platinized electrode and Ag/AgCl (3 M KCl) (Messtechnik Meinsberg) were used as the counter and reference electrodes. To achieve comparable surface loading, 141 μL of the 5 mg mL^--1^ nanotube suspensions was drop-cast and dried prior to use.

3. Results and Discussion {#sec3}
=========================

3.1. Spectroscopic Characterization {#sec3.1}
-----------------------------------

The absorption spectra of the SWCNTs ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06516/suppl_file/am0c06516_si_001.pdf)) showed features in the S11 and S22 regions of the spectra with the absorption of the (6,5) nanotubes at 1002 and 576 nm. Upon functionalization through mechanical bonds, these bands were shifted to 999 and 576 nm, respectively. Regarding the supramolecular sample, we obtained the same values as those of the MINT sample, 999 and 576 nm.

The three Raman spectra ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06516/suppl_file/am0c06516_si_001.pdf)) are very similar, thus proving that the structure of the nanotubes is preserved upon modification, with no increase in the relative intensity of the D band. All of these findings are in agreement with the noncovalent functionalization of the SWCNTs. Meanwhile, the G band is shifted from 1576 cm^--1^ in the pristine SWCNTs to 1584 cm^--1^ in AQ-MINT and 1586 cm^--1^ in AQ\@SWCNTs. In addition, the D band is also shifted from 2600 cm^--1^ in the pristine SWCNTs to 2613 cm^--1^ in AQ-MINT and 2614 cm^--1^ in AQ\@SWCNTs. This effect is due to the presence of the electron acceptor anthraquinone.^[@ref52]^

In the PLE map spectra ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06516/suppl_file/am0c06516_si_001.pdf)), the (6,5) SWNT configuration was detected. Upon the formation of AQ-MINT and AQ\@SWCNTs, the (6,5) signal was totally quenched.

3.2. Electrochemical Stability Tests {#sec3.2}
------------------------------------

The electrochemical behavior of AQ-MINT was investigated via cyclic voltammetry (CV) either in an organic solvent (acetonitrile, MeCN) or in aqueous solution as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. For comparison with nonimmobilized AQ, a dissolved octyloxy-AQ derivative ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06516/suppl_file/am0c06516_si_001.pdf)) and an evaporated film of pure AQ were studied. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a presents the electrochemical features of drop-cast AQ-MINT samples in MeCN and 1 mM dissolved octyloxy-AQ. Both cyclic voltammograms are comparable, except that a large capacitive current from the CNT carrier is observed in the case of the immobilized AQ-MINT (see [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06516/suppl_file/am0c06516_si_001.pdf) for SWCNT CV curves). The graphs show two separated reversible one-electron reduction features of AQ at virtually identical *E*~1/2~'s of −0.76 and −1.26/--1.29 V.^[@ref53]^ The electrochemical features of AQ-MINT and the evaporated thin film of AQ in aqueous solution are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. The graphs present one reversible and concerted two-electron reduction features. However, the reduction potential of AQ-MINT with *E*~1/2~ = −0.57 V is 30 mV less negative and its peak separation (Δ*E*~P~) is smaller, as compared to that of thin-film AQ. This smaller Δ*E*~P~ in the case of AQ-MINT together with the reported delamination of hydroquinone in the case of the evaporated AQ^[@ref54]^ shows that AQ-MINT offers a versatile redox system. This is in accordance with the literature^[@ref30]^ of adsorbed species on SWCNTs that stacking induces faster charge-transfer kinetics resulting in smaller Δ*E*~P~.

![Cyclic voltammograms of (a) AQ-MINT (green line) and 1mM octyloxy-AQ (red line) in MeCN containing 0.1 M TBAPF~6~ and (b) drop-cast AQ-MINT (green line) and a 100 nm thin film of AQ in 0.1 M Na~2~SO~4~ aqueous solution under N~2~-saturated conditions at 20 mV s^--1^.](am0c06516_0002){#fig2}

The stability study of the immobilized AQ-MINT was performed with 50 CV cycles, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The AQ\@SWCNTs and the evaporated AQ film were investigated in a similar manner. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows that AQ-MINT is more stable due to a lower decrease in the reductive peak current as compared to the supramolecular form. This observation was strengthened by the comparison of the relative loss of the peak current density (*j*~P~) upon 50 cycles. To determine *j*~P~, the observed peak height was subtracted by a baseline. In the AQ-MINT case, *j*~P~ decreased by 38% from the 2nd to the 50th cycles, whereas in the AQ\@SWCNT case, the loss roughly doubled by 76%. These decreases exponentially decayed while *j*~P~ of the evaporated AQ thin film decayed linearly by 68% within the first five cycles ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). Cycle stability with comparable behavior was also observed in MeCN ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06516/suppl_file/am0c06516_si_001.pdf)). According to the literature,^[@ref35]^ kinetic studies with CV at different scan rates were performed which showed, as expected for immobilized materials, a linear relation between the scan rate (*v*) and *j*~P~ for both the AQ-MINT and the supramolecular sample (see Supporting Information [Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06516/suppl_file/am0c06516_si_001.pdf) for further details).

![Cyclic voltammograms of (a) AQ-MINT and (b) AQ\@SWCNTs in 0.1 M Na~2~SO~4~ upon 50 cycles. (c) Normalized peak current densities of the first reduction peak.](am0c06516_0003){#fig3}

3.3. Electrochemical Oxygen Reduction {#sec3.3}
-------------------------------------

As AQ derivatives are known as chemical^[@ref22],[@ref52]^ as well as electrochemical^[@ref24],[@ref26],[@ref28]^ catalysts for the ORR to H~2~O~2~ vide supra, the AQ-MINT was investigated for its electrocatalytic activity under O~2~-saturated conditions. AQ\@SWCNTs and pristine SWCNTs were also tested as controls. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows that the characteristic AQ peak^[@ref55]^ at around −0.68 V is observed under all conditions. Upon O~2~ saturation, a reduction broad peak around −0.10/--0.12 V as a result of oxygen reduction was observed. Starting from +0.50 V, some oxidative processes on the CNT occurred. Bare SWCNTs showed only the broad, capacitive current with a small reductive step upon O~2~ reduction ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06516/suppl_file/am0c06516_si_001.pdf)). To prove the catalytic activities of AQ-MINT, AQ\@SWCNTs, and SWCNTs toward the reduction of O~2~ to H~2~O~2~, a constant potential at −0.33 V was applied for 8 h under two conditions: neutral (0.1 M Na~2~SO~4~) and basic (0.1 M NaOH) aqueous solutions (see Supporting Information [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06516/suppl_file/am0c06516_si_001.pdf) for full details). The transient curves in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b showed that the current in the AQ-MINT case was stable over the 8 h period, whereas the AQ\@SWCNT sample revealed a drastic decrease in current from −0.24 to −0.05 mA cm^--2^ within the 8 h reaction. This decrease was attributed to the delamination of the AQ electroactive species, which was in accordance with the cycle stability experiments in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. Furthermore, the CV curves of AQ-MINT before and after the electrolysis showed nearly no difference in terms of electroactive AQ peaks, which supported the stable transient curve ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06516/suppl_file/am0c06516_si_001.pdf)).

![(a) Cyclic voltammograms of AQ-MINT in 0.1 M NaOH under air (green line), N~2~ (black line), and O~2~ (orange line) conditions. (b) Chronoamperograms and accumulated charges of AQ-MINT and AQ\@SWCNTs at a constant potential of −0.33 V vs SHE in 0.1 M NaOH. (c) RDE-LSV results of AQ-MINT, AQ\@SWCNTs, and SWCNTs in 0.1 M NaOH at a rotation speed of 1200 rpm.](am0c06516_0004){#fig4}

[Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} reveals that basic conditions are more favorable for oxygen reduction, compared to neutral pH, which is in accordance with the literature.^[@ref52]^ In the case of AQ-MINT, the amount produced was increased from 1.9 μmol in neutral conditions to 7.0 μmol in alkaline conditions. As observed in control experiments, the pristine SWCNTs also showed a small catalytic effect, which was also already reported in the literature.^[@ref13],[@ref56]^ This effect might be attributed to traces of catalytically active metals or small defects as a result of the CNT production process,^[@ref13],[@ref57]^ as well as the intrinsic catalytic activity of GC.^[@ref58]^ However, both AQ modified samples presented enhanced catalytic activity over SWCNTs by a factor of 2 for AQ\@SWCNTs and a factor of 3 for AQ-MINT. Considering the amount of AQ molecules in MINT and supramolecular cases, turnover numbers (TON) were calculated as reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, which also substantiated the improved catalysis. Including the total mass of MINT and the activity from the supporting material, the average H~2~O~2~ production rate per mass was found to be 8.8 μmol mg^--1^ h^--1^ for AQ-MINT in basic aqueous solution. As outstanding reports, the direct synthesis from the elements on Pd nanoparticles^[@ref52]^ was achieved with a rate of 1100 μmol mg^--1^ h^--1^and photoelectrocatalysis with epindolidione^[@ref21]^ was reported with a rate of 120 μmol mg^--1^ h^--1^. Since the mass of CNTs was included in the total mass, the comparison of the rate per mass observed in each catalyst might slightly distort the performance of our systems.

###### Comparison of the Total Amounts of H~2~O~2~ Produced over 8 h Electrolysis Reaction Time

               In 0.1 M Na~2~SO~4~   In 0.1 M NaOH         
  ------------ --------------------- --------------- ----- -----
  AQ-MINT      1.9                   116             7.0   417
  AQ\@SWCNTs   1.4                   75              4.4   236
  SWCNTs       0.5                                   2.2    

To perform further electrocatalytic studies on the oxygen reduction process, RDE experiments were performed with SWCNTs, AQ\@SWCNTs, and AQ-MINT at various rotation speeds. The goal was to obtain preliminary mechanistic insights by determination of the number of transferred electrons per process. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c shows an increase in current upon an increase in the rotational speed (ω), and the most pronounced behavior is observed for AQ-MINT. The Koutecki--Levich analysis revealed that upon drop-casting the samples, we substantially underestimated our electroactive electrode surface area by considering only the geometrical one. As this increase in the electrode surface area was related to the organization of the NTs on the surface, different ways of organization between the samples might be because of the attachments, which would be in accordance with the reorganization through hybridization reported by Lee et al.^[@ref30]^ Nevertheless, the intercepts of the Koutecki--Levich analysis revealed that among the as-cast films, AQ-MINT showed the highest *i*~K~ compared to SWCNTs and AQ\@SWCNTs ([Figure S16b](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06516/suppl_file/am0c06516_si_001.pdf)).To prove this speculation of organization, advanced studies with higher resolution SEM facilities than we have would be necessary.

4. Conclusions {#sec4}
==============

In this work, we explored the approach of interlocking the organic molecule AQ around carbon nanotubes (MINTs) for efficient immobilization. Such advanced noncovalent architectures could solve the problem of dissolution instability of physically adsorbed organic molecules upon electrochemical reduction. Besides the enhancement of stability while retaining the electrochemical properties of the pristine molecule, efficient immobilization toward electrochemistry could be demonstrated by a linear relation of *j*~P~ vs *v* plots. Furthermore, a proof of concept for the electrocatalytic application of AQ-MINT toward oxygen reduction was explored. In addition to the superior stability, an improvement in the H~2~O~2~ production rate in AQ-MINT systems revealed promising properties of MINTs as immobilization carriers. The promising results described herein reveal that there is still room for further investigations of different MINT-type materials for other catalytic applications.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsami.0c06516](https://pubs.acs.org/doi/10.1021/acsami.0c06516?goto=supporting-info).Synthetic procedures, TGA--data, UV--vis absorption data, Raman data, H~2~O~2~ determination, additional electrochemical measurement graphs, tabulated results from H~2~O~2~ production experiments, and RDE results ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06516/suppl_file/am0c06516_si_001.pdf))
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